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1.1. Background and motivation 
,Q PRGHUQ DXWRPRWLYH LQGXVWULHV OLJKWZHLJKW GHVLJQ
DQGKLJKVDIHW\VWDQGDUGVDUHPDMRUREMHFWLYHVZKLFKDUH
UHODWHG WR FXVWRPHU VDWLVIDFWLRQ DQG HYHQ WR WKH
HQYLURQPHQWDO LPSDFW RI DXWRPRWLYHV 7KHVH REMHFWLYHV
DUHIXUWKHUUHODWHGWRTXDOLW\LVVXHVLQFXUUHQWSURGXFWLRQ
OLQHV DQG WKXV LQ WKH ILQDO SURGXFW LWVHOI HVSHFLDOO\ LI
VDIHW\ PDWWHUV DUH FRQFHUQHG >@ 7KH RFFXSDQW
SURWHFWLRQ GXULQJ D FUDVK LV D PDMRU GHPDQG ZKLFK
PRWLYDWHV DXWRPRWLYH PDQXIDFWXUHUV WR LPSURYH
SURGXFWLRQ SURFHVVHV LQ RUGHU WR VDWLVI\ WKH KLJKO\
GHPDQGLQJVDIHW\VWDQGDUGV
)XUWKHUPRUH WKH LQWURGXFWLRQ RI QHZPDQXIDFWXULQJ
WHFKQLTXHV LV VWURQJO\ FRUUHODWHG ZLWK DGGLWLRQDO FRVWV
ZKLFKVKRXOGEHWDNHQLQWRDFFRXQWDQGTXDQWLILHGVRDV
WR HQVXUH WKH VXVWDLQDELOLW\ RIPRGHUQ WHFKQRORJLHV IRU
DXWRPRWLYH SURGXFWLRQ >@ 7KH PDQXIDFWXULQJ VWHSV
FRQVLGHUHGLQWKHFRQWH[WRIWKLVFRQWULEXWLRQFRQFHUQWKH
DGKHVLYH ERQGLQJ RI GLVVLPLODU PDWHULDOV RQ FDU VKHOOV
DIWHU WKH SDLQW SURFHVV DQG D SRVVLEOH VXUIDFH SUH
WUHDWPHQW LH ODVHU DEODWLRQ LQ RUGHU WR LPSURYH ERQG
SURSHUWLHVDQGHQVXUHVWUHQJWKUHTXLUHPHQWV
1.2. Objectives 
,Q WKLV SDSHU DGKHVLYH ERQGLQJ IRU MRLQLQJ
DWWDFKPHQWV LH URRI ZLQGVKLHOG FRPSRQHQWV RQ
SDLQWHGDXWRPRWLYHVKHOOVXUIDFHVLQILQDODVVHPEO\OLQHV
LV DQDO\]HG DV D SRWHQWLDO WHFKQLTXH LQ YROXPH
SURGXFWLRQ 3URGXFWLRQ LVVXHV UHODWHG WR WKH DXWRPRWLYH
LQGXVWU\ DUH GLVFXVVHG LQ FRQMXQFWLRQZLWK WKHPDWHULDO
SURSHUWLHV LH VWUHQJWK RI WKH DGKHVLYH MRLQWV DQG WKH
FRDWLQJVRIFDUVKHOOV>@+HUHE\GLIIHUHQWSURFHVVFKDLQ
VFHQDULRV DUH SURSRVHG GHSHQGLQJ RQ WKH SDLQW W\SH LQ
RUGHU WR DFKLHYH WKH UHTXLUHG ERQG VWUHQJWK HVSHFLDOO\
GXULQJFUDVKORDGVLHDWKLJKVWUDLQUDWHV7KHVHLQYROYH
D SURFHVV FKDLQPRGLILFDWLRQ DQG HYHQ WKH LQWURGXFWLRQ
RI DGGLWLRQDO SURFHVVHV LH ODVHU DEODWLRQ IRU UHPRYLQJ
SDLQWOD\HUVDQGLQFUHDVLQJDGKHVLRQSURSHUWLHV
)LQDOO\ H[SHULPHQWDO DQG FRPSXWDWLRQDO
LQYHVWLJDWLRQV ZHUH FRQGXFWHG LQ RUGHU WR FKDUDFWHUL]H
WKHMRLQWVWUHQJWKIRUWKHGLIIHUHQWSURFHVVVFHQDULRVDQG
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the International Scientifi c Committee of the “International Conference on Manufacture 
of Lightweight Components – ManuLight 2014”
181 L. Papadakis et al. /  Procedia CIRP  18 ( 2014 )  180 – 185 

WR HYDOXDWH WKH SRVVLELOLW\ IRU LQWHJUDWLRQ LQ FXUUHQW
SURGXFWLRQOLQHV
0DQXIDFWXULQJSURFHVVHVDQGSURGXFWSURSHUWLHV
2.1. Coatings and painting 
,Q WKH ILHOG RI YHKLFOH PDQXIDFWXULQJ WKHUH DUH
YDULRXV PHWKRGV XVHG LQ WKH SDLQWLQJ SURFHVV DOO RI
ZKLFK QRW RQO\ YDU\ DPRQJ WKH YDULRXVPDQXIDFWXUHUV
EXW DOVR YDU\ LQWHUQDOO\ DPRQJ IDFWRULHV RI LQGLYLGXDO
PDQXIDFWXUHUV >@$ FDWKRGH HOHFWURSKRUHWLF FRDWLQJ LV
XVHG ILUVW DV DSULPHUFRDW ,Q WKH IROORZLQJVWHSRI WKH
SURFHVV D ZDWHUEDVHG ILOOHU RU D IXQFWLRQDO FRDW LV
DSSOLHGWRWKHVXUIDFH%HIRUHDZDWHUEDVHGFRORUDQGRU
HIIHFW ODFTXHU LV XVHG WKH SDLQW IURP WKH XQGHUO\LQJ
OD\HU LV KDUGHQHG LQ WKH VDPH PDQQHU DV WKH
HOHFWURSKRUHWLF FRDW 7KLV QH[W FRDW LV VXEVHTXHQWO\
DSSOLHG HOHFWURVWDWLFDOO\ LQ D XQLIRUP FRORU HYHQO\ RYHU
WKH VXUIDFH $IWHU DQ LQWHUPHGLDWH GU\LQJ SURFHVV LQ
ZKLFKZDWHULVUHPRYHGDZHWRQZHWDSSOLFDWLRQRIWKH
FRPSRQHQW FOHDU ODFTXHU DQG LWV KDUGHQLQJ LQ WKH
ILQLVKLQJ FRDW GU\HU IROORZV )LJ LOOXVWUDWHV WKH OD\HU
FRQILJXUDWLRQ RI WKH V\VWHP VXEVWUDWHFRDWLQJSDLQW DV
XWLOL]HGE\DXWRPRELOHPDQXIDFWXUHV
SDFNFOHDUFRDW
:DWHUPHWDOEDVHFRDW
&DWDSKRUHWLFGLSSDLQWLQJ
=LQFSKRVSKDWLVDWLRQ
6KHHWVWHHOJDOYDQLVHG
&RDWLQJ WKLFNQHVV DSSUR[ ȝP 
)LJ  3DLQWLQJ SURFHVV DQG OD\HU FRQILJXUDWLRQ RI DXWRPRWLYH
VXEVWUDWHFRDWLQJSDLQWV\VWHP
7KH UHOHDVH RI LQIRUPDWLRQ DERXW RWKHU SDLQWLQJ
SURFHGXUHV LH WKH KDUGHQLQJRIPDWHULDO WKURXJKXOWUD
YLROHWUDGLDWLRQ DOORZV D JUHDWHU EDQGZLGWK RI WKH
YDULRXV PHWKRGV WR EH PDGH DYDLODEOH >@ &XUUHQW
UHVHDUFK RI SDLQW OD\HULQJ SURFHGXUHV DIWHU WKH VWUHVVHV
LQYROYHG LQ DQ DXWRPRELOH FUDVK DUH RQO\ UHOHYDQW WR
UHVSHFWLYH VWRQH FKLSSLQJ UHVLVWDQFH RI WKH SDLQW >@
7KHUHDUHQXPHURXVDGGLWLRQDOLQYHVWLJDWLRQVLQWKHDUHD
RI WKHLPSURYHPHQWRIDGKHVLYHVWUHQJWKEHWZHHQPHWDO
DQGSRO\PHUVXUIDFHV>@
2.2. Adhesive bonding 
7KH MRLQLQJ RI SDLQWHG PHWDO WKURXJK WKH XVH RI DQ
DGKHVLYH DJHQW LV XVHGZLGHO\ LQ LQGXVWULDO IDEULFDWLRQ
$OUHDG\ E\  WKH DGKHVLRQ RI FRPSOHWHO\ SDLQWHG
DOXPLQXP SDQHOV RQ WKH VLGH TXDGUDQWV RI /LJKW 5DLO
9HKLFOHV/59ZDVPDGHSRVVLEOHWKURXJKDGHYHORSHG
SURFHVVWHFKQRORJ\>@
'LIIHUHQW SRVVLELOLWLHV LQ WKH DUHD RI MRLQLQJ VXUIDFH
FRDWHG VWHHO PDWHULDOV ZHUH GHPRQVWUDWHG LQ OLWHUDWXUH
>@ 7KH IDFW WKDW WKH DGKHVLYHPHGLXP DSSOLHG WR WKH
FRDWHG VWHHOZRUN DGKHUHG WR WKH VXUIDFH EXW GLG QRW
FRPSURPLVH WKH VWUHQJWK RU DGKHUH WR WKH VXEVWUDWH
GLVSOD\VWKHUHVHDUFKZRUWKLQHVVRIWKLVZRUN
)RUPDWLRQ DQG DGKHVLRQ WKURXJK K\EULG ERQGLQJ
WHFKQLTXHV ZHUH XVHG IRU WKH LQWHJUDWLRQ RI QHZ
PDWHULDOVLQDWUDQVSRUWDWLRQVWUXFWXUH>@2QWKLVWRSLF
RI V\QHUJ\ WKH FRPSOHWLRQ DQG WKH SURSHUWLHV RI WKH
HPHUJLQJ FRQQHFWLRQV XQGHU TXDVLVWDWLF G\QDPLF DQG
LPSXOVLYHVWUDLQDUHDGPRQLVKHG7KURXJKWKLVZRUNWKH
SRVVLELOLWLHV WKDW WKH XVH RI GLVVLPLODU PDWHULDOV WKH
LVRODWLRQ RI WKH MRLQLQJ SDUWQHUV DQG WKH DYRLGDQFH RI
VHDP FRUURVLRQ DUH HOXFLGDWHG )LQDOO\ WKH ³SDWFKZRUN
EODQN´WHFKQRORJ\DVDQDOWHUQDWLYHWRWKHFXUUHQWO\XVHG
³WDLORUHGEDQNV´ LQZKLFK WKH FXWWLQJSURFHVV FRXOGEH
UHGXFHG DQG D KLJKHU IOH[LELOLW\ FRXOG EH REWDLQHG
WKURXJKWKHDGKHVLRQRIYDULRXVVKHHWVRIPDWHULDORIIHUV
FHUWDLQDGYDQWDJHV>@
2.3. Surface treatment 
7KHERXQGDU\OD\HURISDLQWDGKHVLYHLVQHFHVVDU\IRU
WKHFKDUDFWHUL]DWLRQRIWKHWRWDOSHUIRUPDQFHRIWKHOD\HU
FRPSRXQG7KHFXUUHQWWUHQGLVWRSURYLGHSDLQWV\VWHPV
ZLWKD ORZHUVXUIDFHHQHUJ\ OHDGLQJWRDVORZHUUDWHRI
GLUW\LQJ7KLVGRHVQRWRQO\DIIHFW WKHVHQVLWLYLW\RI WKH
SDLQW WR GLUW EXW LW DOVR FRUUXSWV WKH DGKHVLRQ EHWZHHQ
DGKHVLYH DQG JORVV OD\HU $Q LQQRYDWLYH WHFKQRORJ\
ZKLFK LV XVHG WR PRGLI\ WKH VXUIDFH LV WKH ODVHU SUH
WUHDWPHQW:LWKWKLVWHFKQRORJ\WKHIROORZLQJWDVNVFDQ
EHREWDLQHG
x 6XUIDFHVWUXFWXULQJ
7KH ODVHU HQDEOHV D K\GURSKRELF RU K\GURSKLOLF
VWUXFWXULQJ RI WKH VXUIDFH ZKHUHE\ D GHILQHG
PDQLSXODWLRQRIWKHDGKHVLYHSURSHUWLHVFDQEHDFKLHYHG
x 6XUIDFHIXQFWLRQDOL]DWLRQZLWK2RUFDUER[\OLFDFLG
3UH WULDOV DW WKH /DVHU =HQWUXP +DQRYHU VKRZHG WKDW
VXUIDFHHQHUJ\XQGHUWKHLQIOXHQFHRIWKHSURSHUJDVDQG
ODVHU WUHDWPHQW FDQ EH UDLVHG E\ VSHFLILFDOO\ LQVHUWLQJ
UHDFWLYHJURXSVRUE\WKHLQWURGXFWLRQRIFDUER[\OLFDFLG
JURXSV7KLVSURFHVVSURPRWHVDQDFFHOHUDWHGKDUGHQLQJ
RI WKH DGKHVLYH DQG DQ LPSURYHG DGKHVLRQEHWZHHQ WKH
SDLQWDQGWKHDGKHVLYH
x 6HOHFWLYHSDLQWDEUDVLRQRIVLQJOHSDLQWOD\HUV
7KHRXWHUPRVWJORVV OD\HU LV LQSDUWLFXODUDQWLDGKHVLYH
7KHUHIRUH WKH DGKHVLRQ VWUHQJWK EHWZHHQ WKH VLQJOH
OD\HUV YDULHV ,W LV HVVHQWLDO WR VHOHFWLYHO\ DEUDGH WKH
SDLQW GRZQ WR OD\HUV ZLWK JRRG DGKHVLRQ VWUHQJWK
ZKHUHE\ D KLJK VXUIDFH HQHUJ\ ZLOO EH DFKLHYHG 7KH
/DVHU =HQWUXP +DQRYHU KDV SURSRVHG D SDLQW DEUDVLRQ
WHFKQLTXH SHUIRUPHG ZLWK WKH DLG RI ODVHUV 7KLV
LQQRYDWLYH PHWKRG RI SUHWUHDWPHQW LV FRPSDUHG ZLWK
RWKHU PRUH FRPPHUFLDO PHWKRGV RI VXUIDFH SUH
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WUHDWPHQW LH3ODVPDSUHWUHDWPHQW)LJGHPRQVWUDWHV
ERWK VFKHPDWLFDOO\ DQG LQ D PLFURJUDSK WKH DEODWLRQ
SURFHVV E\ PHDQV RI ,5 ODVHU 7KH UHPRYLQJ ERDUGHU
ZLWKLQ D OD\HU LV KRUL]RQWDO EXW LQGLFDWHG D YDU\LQJ
KHLJKW LH SHQHWUDWLRQ LQWR WKH XQGHUO\LQJ
HOHFWURSKRUHWLF FRDWLQJ 7KLV ZDY\ VXUIDFH ZKLFK ZDV
SURGXFHGE\DSUHGHWHUPLQHGQXPEHURIFURVVLQJVFRXOG
EH VPRRWKHG RXW GXULQJ WKH LQYHVWLJDWLRQ ZLWK WKH
VHOHFWLRQRIVXLWDEOHSURFHVVSDUDPHWHUV1HYHUWKHOHVVLQ
RUGHU WR TXDOLI\ WKH SURSRVHG SURFHVV IRU XVH LQ
DXWRPRWLYH SURGXFWLRQ WKH ILQDO JRDO LV WR HQVXUH D
UHSURGXFLEOH SURFHVV WKDW DXWRPDWLFDOO\ VWRSV DW WKH
ERUGHURIWKHLQGLYLGXDOSDLQWOD\HUVLHZLWKWKHXVHRI
FRQWUROV\VWHPV
filler
electrocoating
zinc
metalsheet
topͲcoatlacquer
feedrate
ʄ
clearlaquer
5mm
200Ͳfold
` 85μmlacquer
removal
in25s/cm²
` remaining lacquer
thickness:44μm
` clear coating
` silver lacquer
` filler
` EC
` zinc

)LJ6XUIDFHWUHDWPHQWRIVLOYHUPHWDOOLFSDLQWE\PHDQVRI,5ODVHU
DEODWLRQ
0HFKDQLFDODQDO\VLVRIERQGV\VWHPSURSHUWLHV
,QRUGHUWRLGHQWLI\WKHSRWHQWLDORIWKHDSSOLFDWLRQRI
DGKHVLYH ERQGLQJ RQ ODFTXHUHG DXWRPRWLYH VKHOOV
GLIIHUHQW ERQG V\VWHP FRQILJXUDWLRQV ZHUH DQDO\]HG LQ
WHUPV RI WKHLU PHFKDQLFDO IDLOXUH 7KH IROORZLQJ ERQG
V\VWHPV MRLQHG ZLWK D &SRO\XUHWKDQ DGKHVLYH ZHUH
LQYHVWLJDWHG LQ WHUPV RI WKHLUPHFKDQLFDO SURSHUWLHV E\
PHDQV RI D ODSMRLQW WHQVLOHVKHDU WHVWV E $5&$1
WHVWVDQGFKLJKVSHHG73HHOWHVWV
L SODLQEODVWHGVWHHOVKHHWV
LL HOHFWURFRDWHGVWHHOVKHHWV
LLL ILOOHUFRDWHGVKHHWV
LY ODFTXHUHGVKHHWVZLWK
x ZKLWHQRQPHWDOOLFFRORUDQG
x VLOYHUPHWDOOLFFRORU
3.1. Lap-joint tensile-shear tests 
7KHODSMRLQWWHQVLOHVKHDUWHVWVZHUHSHUIRUPHGEDVHG
RQ',1(1IRUWKHILYHERQGV\VWHPFRQILJXUDWLRQV
VWDWHG DERYH 7KH ORFDWLRQ DQG W\SH RI IDLOXUH IRU HDFK
DGKHVLYH ERQG FRQILJXUDWLRQ LQ FDVH RI WHQVLOHVKHDU
RYHUODSWHVWVZLWKDVKHHWWKLFNQHVVRIPPDVZHOODV
WKHUHVSHFWLYHODSVKHDUVWUHQJWKVDUHLOOXVWUDWHGLQ)LJ
7KH H[SHULPHQWV IRU D VKHHW WKLFNQHVV RI PP
VKRZ WKDW WKH FRQQHFWLRQ IDLOV LQ WKH ILUVW IRXU ERQG
V\VWHP FRQILJXUDWLRQV WKURXJK DOO WKH LQYROYHG OD\HUV
ZLWKDFOHDUUHGXFWLRQRIWKHERQGVWUHQJWKXSWRIRU
WKHZKLWHSDLQW,QFDVHLYRIWKHODFTXHUHGVXUIDFHZLWK
ZKLWH QRQPHWDOOLF FRORU WKH PHFKDQLFDO IDLOXUH LV
REVHUYHG ZLWKLQ WKH ZKROH DGKHVLYH ERQG FRQQHFWLRQ
LQFOXGLQJ WKH HOHFWURFRDW WKH SULPHU DQG WKH ZKLWH
SDLQWWKHYDUQLVKDQGWKHDGKHVLYH,QFDVHLRIEODVWHG
PHWDOVKHHWSUREHVWKHFRQQHFWLRQEHWZHHQDGKHVLYHDQG
PHWDO VXUIDFH SURYHV WKH KLJKHVW VWUHQJWK UHSUHVHQWLQJ
WKHODSVKHDUVWUHQJWKRI&38RI03D%ODVWHGVWHHO
SUREHVZHUHXVHGIRUWKHSHUIRUPDQFHRIWKHH[SHULPHQWV
LQVWHDG RI PHWDO VKHHW SUREHV ZLWK D VPRRWK VXUIDFH
ZKLFKZRXOGFDXVHDYHU\HDUO\ IDLOXUHRI WKHDGKHVLRQ
]RQH )LQDOO\ LQ FDVH RI WKH DGKHVLYH ERQGLQJ RQ D
SDLQWHGVLOYHUPHWDOOLFVXUIDFHYWKHZHDNHVWOLQNLQWKH
ERQGV\VWHPSURYHGWREHWKHVLOYHUSDLQWOD\HUVLQFHWKH
IDLOXUHRFFXUVVROHO\WKHUH7KHERQGV\VWHPZLWKVLOYHU
SDLQW LQGLFDWHV DQ HYHQ KLJKHU UHGXFWLRQ RI VWUHQJWK LQ
WKHSDLQWFRKHVLYH]RQHUHDFKLQJHYHQDOPRVWWKHKDOIRI
WKHODSVKHDUVWUHQJWKRIWKHERQGRQZKLWHQRQPHWDOOLF
SDLQW>@
7H
QV
LOH
6
KH
DU
6
WUH
QJ
WK
>0
3
D@
'& HOHFWURFRDW ILOOHU ZKLWH VLOYHU '& ZKLWH VLOYHU
















)LJ)DLOXUHPHFKDQLVPVRIGLIIHUHQWDGKHVLYHERQGV\VWHPVMRLQHG
ZLWK&38
'XH WR WKH IDFW WKDW WKH WKLQ VKHHW PHWDO SUREHV
LQGLFDWH UHODWLYH KLJK GHIRUPDWLRQ LQ WKH DUHD RI WKH
ERQG ZKLFK FRXOG DIIHFW WKH ERQG V\VWHP IDLOXUH
PHFKDQLVP WKHH[SHULPHQWVZHUHUHSHDWHGZLWK WKLFNHU
VWHHO VXEVWUDWHV RI PP WKLFNQHVV IRU EODVWHG VWHHO
VKHHWV DQGZKLWH DQGVLOYHUSDLQWHGSUREHV ,Q WKLV FDVH
WKHERQGRQEODVWHGVKHHWVLQGLFDWHVLGHQWLFDOVWUHQJWK,Q
WKHFRQWUDU\WKHERQGV\VWHPRIZKLWHSDLQWGHPRQVWUDWHV
KLJKHU VWUHQJWK FRPSDUHG WR WKH WKLQQHU SUREHV RI
DSSUR[LPDWHO\03DZLWKWKHERQGIDLOXUHRFFXUULQJLQ
WKH ILOOHU OD\HU DV VKRZQ LQ )LJ )LQDOO\ WKH VLOYHU
SDLQWHGVKHHWV LQGLFDWHD ORZHUUHGXFWLRQRIVWUHQJWKRQ
WKLFNHU VXEVWUDWHV RI DSSUR[LPDWHO\ 03D LQVWHDG RI
RQO\03DRQWKHWKLQQHUPHWDOVKHHWV
3.2. Butt-joint tensile tests 
)XUWKHUPRUH WKH VWUHVVGHIRUPDWLRQ FXUYH GXULQJ
EXWWMRLQW WHQVLOH WHVWV ZDV FDSWXUHG IRU WKH DERYH
DGKHVLYH ERQG V\VWHP FRQILJXUDWLRQV $OWKRXJK WKLV
WHVWLQJPHWKRGVZDV GHVLJQHG IRU VWHHOVWHHO ERQGV WKH
EXWWMRLQW WHVWFRXOGEHHDVLO\DGRSWHG IRU WKH WHVWLQJRI
GLIIHUHQWFRDWLQJVRUSDLQWV7KLVPRGLILFDWLRQZDVGRQH
E\XVLQJ VWDQGDUGPHWDO VKHHWV WKDWZHUHSDLQWHG LQ WKH
UHJXODU SURGXFWLRQ OLQH7KHVH VKHHWVZHUH ERQGHG LQ D
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
ILUVWVWHSRQWRWKHILUVWDGKHUHQWE\DQHSR[\EDVHGFROG
FXULQJ DGKHVLYH$IWHUZDUGV SDLQW DQG VHFRQG DGKHUHQW
ZHUHERQGHGE\D&38DGKHVLYHFS)LJ
7KH&38ERQGVGHPRQVWUDWHVLPLODUEHKDYLRUZKHQ
XVHGRQSODLQVWHHODQGRQDZKLWHODFTXHUHGVXUIDFHZLWK
D PD[LPXP VWUHQJWK RI 03D DQG 03D
UHVSHFWLYHO\ 7KH ERQG RQ VLOYHU PHWDOOLF VXUIDFH IRU
ZKLFK WKHERQGIDLOXUHRFFXUVVROHO\ LQ WKHVLOYHU OD\HU
LQGLFDWHVDPXFKORZHUPD[LPXPWHQVLOHVWUHQJWKRIWKH
ERQGRI03D0RUHRYHUWKHERQGZLWKVLOYHUPHWDOOLF
SDLQW HYHQ WKRXJK LW LQGXFHV EULWWOH ERQG EHKDYLRU
SURYHVDORZHURYHUDOOVWLIIQHVVFS7DEOH

)LJ  6FKHPDWLF VHWXS RI URXQG EXWWMRLQW WHVWLQJ DQG $5&$1
VSHFLPHQ
7DEOH([SHULPHQWDOEXWWMRLQW WHQVLOH WHVW UHVXOWVRI WKHPHFKDQLFDO
SURSHUWLHVIRUGLIIHUHQWDGKHVLYHERQGV\VWHPW\SHV
0HFKDQLFDO
SURSHUWLHVRI
ERQGV
(SR[\
RQSODLQ
VWHHO
&38
RQSODLQ
VWHHO
&38
RQZKLWH
SDLQW
&38
RQVLOYHU
SDLQW
Young’s 
Modulus E
[MPa]
   
Tensile yield 
strength 
s Y [MPa]
   
Max. tensile 
strength s max
[MPa]
   
Stiffness K
[MPa]

%DVHG RQ WKH DWWDLQHG H[SHULPHQWDO UHVXOWV WKH ERQG
HODVWLFSODVWLF EHKDYLRU DQG PD[LPXP WHQVLOH VWUHQJWK
DUHXVHGIRUWKHSXUSRVHVRIWKHPRGHOLQJDQGVLPXODWLRQ
RIWKHERQGSHUIRUPDQFHIRUDSSOLFDWLRQVRQDXWRPRWLYH
VWUXFWXUHVHVSHFLDOO\GXULQJFUDVKORDGLQJ
3.3. ARCAN tests and bond failure characterization 
7KH $5&$1 WHVWV >@ ZHUH SHUIRUPHG IRU WKUHH
ERQG V\VWHP FRQILJXUDWLRQV DGKHVLYH ERQG ZLWK D
&38RQLSODLQVWHHOVKHHWVDQGRQ ODFTXHUHGVKHHWV
ZLWKLLZKLWHQRQPHWDOOLFFRORUDQGLLLVLOYHUPHWDOOLF
FRORU 7KH PD[LPXP VWUHVVHV IRU HDFK DGKHVLYH ERQG
FRQILJXUDWLRQLQFDVHRIGLIIHUHQWWHVWVZLWKYDU\LQJSXOO
GLUHFWLRQ  QRUPDO WHQVLOH VWUHVVHV  FRPELQHG
VWUHVVHV DQG  SXUH VKHDULQJ DUH LOOXVWUDWHG LQ )LJ
%DVHG RQ WKHVH H[SHULPHQWDO UHVXOWV WKH ERQG IDLOXUH
FKDUDFWHUL]DWLRQ LV GHVFULEHG DV D SRZHUODZ
FRPELQDWLRQRIGLUHFWWHQVLRQDQGVKHDUDFURVVWKHERQG
V\VWHPIRUWKHSXUSRVHVRIWKHPRGHOLQJDQGVLPXODWLRQ
RIWKHFUDVKEHKDYLRURIERQGV>@
7KH SHUIRUPHG WHVWV SURYH WKDW WKH DGKHVLYH ERQGV
IDLO DFURVV WKH ZKROH ERQG V\VWHP DGKHVLYHYDUQLVK
SDLQW ILOOHUDQGHOHFWURFRDW LQFDVHLLRIZKLWHSDLQW
ZKLFKLQGLFDWHVDPLQRUUHGXFWLRQRIPD[LPXPVWUHVVHV
IRU WKH ZKLWH QRQPHWDOOLF SDLQW FRPSDUHG WR WKH
&SRO\XUHWKDQDGKHVLYH LQFDVHL(YLGHQFHRI WKLV LV
WKH RQO\ VOLJKW GHFUHDVH RI WKH WRWDO ERQG WHQVLOH VKHDU
DQG FRPELQHG VWUHQJWK RI DSSUR[LPDWHO\  ,Q WKH
FRQWUDU\LQFDVHRIVLOYHUPHWDOOLFSDLQWWKHERQGIDLOXUH
LV ORFDWHG VROHO\ ZLWKLQ WKH VLOYHU SDLQW OD\HU 7KLV
VLJQLILHV WKDW WKH VLOYHUSDLQW LV WKHZHDNHVW OLQN LQ WKLV
W\SHRIERQGV\VWHPV7KLVFRQFOXVLRQLVDOVRVXSSRUWHG
E\ WKH FRQVLGHUDEOHGHFUHDVHRIXS WRRI WKHERQG
VWUHQJWK LQ FDVH RI WKH VLOYHU SDLQW ERQG GXULQJQRUPDO
ORDGV
2CͲPU whitesilver
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Pa
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
)LJ  )DLOXUH PHFKDQLVPV RI WKH DGKHVLYH ERQG V\VWHP MRLQHG E\
&38RQ L SODLQ VWHHO VKHHWV DQG LLZKLWH DQG LLL VLOYHU SDLQWHG
VKHHWVDIWHU$5&$1WHVWVDQGIDLOXUHFKDUDFWHUL]DWLRQ
3.4. High speed T-Peel tests 
$IWHU WKH GHWHUPLQDWLRQ RI PHFKDQLFDO PDWHULDO
SURSHUWLHVRIWKHVWUXFWXUDODGKHVLYHVDQGWKHVLPXODWLRQ
VHWXSIRUGLIIHUHQWVWUDLQUDWHVWKHHQHUJ\UHOHDVHUDWHRI
WKHDGKHVLYHERQGHQWLUHV\VWHPLQFOXVLYHWKHSDLQWOD\HU
LV LQYHVWLJDWHG ([SHULPHQWDO LQYHVWLJDWLRQV ZHUH
SHUIRUPHG LQ WKLV FRQWH[W LQ RUGHU WR FDSWXUH WKH
EHKDYLRURIERQGVGXULQJ LPSDFW LHGXULQJ FUDVK DQG
WKH IUDFWXUDO SURSHUWLHV LQ FDVH RI ERQG IDLOXUH IRU
GLIIHUHQWFRQILJXUDWLRQV
)RU WKLV SXUSRVH DQ H[SHULPHQWDO VHWXS ZDV
FRQVWUXFWHGE\ WKH ,QVWLWXWH IRU-RLQLQJDQG:HOGLQJ ifs
LQ %UDXQVFKZHLJ *HUPDQ\ 7KH H[SHULPHQWV ZHUH
SHUIRUPHG RQ DQ RYHUODS FRQQHFWLRQ LH 73HHO WHVW
ZLWK D WHQVLOH VSHHG RI DSSUR[LPDWHO\ PV 7KH
SULQFLSOH RI WKH H[SHULPHQWDO VHWXS LV VKRZQ LQ )LJ
+HUHE\WKHGHWHUPLQDWLRQRISHHOLQJSURSHUWLHVDWIDLOXUH
ZDV SRVVLEOH ZLWK DGGLWLRQDO GHIRUPDWLRQ RI WKH
VXEVWUDWHVGXULQJWKHKLJKVSHHGWHQVLOHORDGV0RUHRYHU
ZLWK WKLV H[SHULPHQWDO FRQILJXUDWLRQ LW ZDV SRVVLEOH WR
DFKLHYHDTXDVLVWDWLFORDGLQJDQGFUDVKFRQGLWLRQVDQGD
ORQJPHDVXUHPHQWUDQJHZDVDWWDLQHG
7KH UHVXOWV RI WKHVH WHVWV DUH HYDOXDWHG IRU WKH WKUHH
GLIIHUHQWDGKHVLYHERQGV\VWHPVZLWKD&38DGKHVLYH
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L RQFDWKRGLFFRDWHGHOHFWURFRDWHGVSHFLPHQV
LL RQZKLWHSDLQWHGVSHFLPHQVDQG
LLL RQVLOYHUSDLQWHGVSHFLPHQV
)LJVKRZVWKHH[SHULPHQWDOVHWXSDQGWKHFDSWXUHRID
KLJKVSHHG FDPHUD DW WKH PRPHQW RI WKH ERQG IDLOXUH
EHJLQGXULQJKLJKVSHHGSHHOLQJWHVWLQJ
bondsystemof2CͲPu
onwhitepaint
highpull
velocity=2.5m/s
beginof
bondfailure
beginofbond
failure
bondsy of2CͲPU
onwhitepaint
tensilespeed
of1.6m/s

)LJ([SHULPHQWDOVHWXSIRUKLJKVSHHGSHHOLQJWHVWV
7KHIRUFHWLPHPHDVXUHPHQWVRIWKHWKUHHH[SHULPHQW
W\SHV SURYH WKH KLJKHU HQHUJ\ DEVRUSWLRQ LQ FDVH RI
DGKHVLYH ERQGLQJ RQ HOHFWURFRDWHG OD\HU FRPSDUHG WR
WKH ZKLWH DQG VLOYHU SDLQWHG OD\HUV 7DEOH  VKRZV WKH
PD[LPXP IRUFH GXULQJ KLJK VSHHG SHHOLQJ DQG WLPH
LQWHUYDOXQWLOWKHMRLQWIDLOVFRPSOHWHO\IRUWKHWKUHHERQG
V\VWHP FRQILJXUDWLRQV +HUHE\ D VLJQLILFDQW SODVWLF
GHIRUPDWLRQRIWKHVWHHOVXEVWUDWHLQFDVHRIWKHDGKHVLYH
ERQGRQ HOHFWURFRDW LV REVHUYHGZKLFK OHDGV WR KLJKHU
HQHUJ\ DEVRUSWLRQ GXULQJ WKH WHVW 7KH UHDFKHG ORDGV
ZHUH OLPLWHG WR DSSUR[LPDWHO\ 1 LQ WKH FDVH RI
WHVWLQJRQERQGHGHOHFWURFRDWHGVWHHOVKHHWV7KHIDLOXUH
PHFKDQLVP IRU HDFKRI WKH WKUHHERQG V\VWHPVDUHDOVR
VKRZQLQ7DEOH
7DEOH([SHULPHQWDOEXWWMRLQW WHQVLOH WHVW UHVXOWVRI WKHPHFKDQLFDO
SURSHUWLHVIRUGLIIHUHQWDGKHVLYHERQGV\VWHPW\SHV
 &38RQ(&VXUIDFH
&38RQ
ZKLWHSDLQW
&38RQ
VLOYHUSDLQW
max. peeling 
load [N]   
max. displace-
ment [mm] 
  
duration up to 
failure [ms]   
rate of energy 
absorption [J/s]   
failure 
mechanism 
RI&38
DGKHVLYH
OD\HU
EHWZHHQFOHDU
FRDWDQG
DGKHVLYH
RIFRKHVLYH
]RQHLQVLOYHU
SDLQW 
0RGHOLQJRIERQGEHKDYLRUXQGHUORDGLQJ
4.1. Definition of bond mechanical properties and 
failure criterion 
7KHH[SHULPHQWDOUHVXOWVRQWKHPHFKDQLFDOEHKDYLRU
RI ODFTXHUHGERQG V\VWHPVDVSUHVHQWHG LQ WKHSUHYLRXV
VHFWLRQV DUH XVHG IRU WKH PRGHOLQJ ZLWK WKH DLG RI WKH
ILQLWH HOHPHQWPHWKRG )(0 6SHFLILFDOO\ WKH FDVH RI
ERQG IDLOXUH RQ VLOYHU PHWDOOLF SDLQW LV WDNHQ LQWR
FRQVLGHUDWLRQ GXH WR WKH VLJQLILFDQW VWUHQJWK GHFUHDVH
7KHERQGIUDFWXUH LQ WKLVFDVHRFFXUVH[FOXVLYHO\ LQ WKH
VLOYHUSDLQWOD\HUZKLFKOLPLWVWKHPRGHOLQJHIIRUWVLQFH
WKHERQGV\VWHPLQWKHPRGHOFRQVLVWVRQO\RI WKHSDLQW
FRDWDQGWKH&38OD\HUIRUVLPSOLILFDWLRQUHDVRQV7KH
PHFKDQLFDO UHVXOWV DV PHDVXUHG LQ WKH UHVSHFWLYH
H[SHULPHQWV IRU WKH VLOYHU SDLQW ERQG V\VWHP DUH WDNHQ
IURP7DEOHDQG)LJDQGLPSOHPHQWHGLQWKHPDWHULDO
PRGHOLQJ ZLWK WKH DLG RI WKH ILQLWH HOHPHQW VRIWZDUH
/6'<1$ )RU WKH SXUSRVH RI WKH PRGHOLQJ RI WKH
IUDFWXUHEHKDYLRUZLWKLQ WKH VLOYHUSDLQW OD\HU WKH$UXS
$GKHVLYH GHILQLWLRQ ZDV XVHG ZKHUHDV IRU WKH VWHHO
VXEVWUDWHVDQG WKHDGKHVLYH WKHSLHFHZLVHHODVWLFSODVWLF
PDWHULDOGHILQLWLRQZDVIRUHVHHQ>@
4.2. Simulation performance and results 
7KH DLP RI WKH PRGHOLQJ WDVN ZDV WR UHSOLFDWH DQG
LQYHVWLJDWH WKH KLJK VSHHG 73HHO H[SHULPHQW E\
DSSO\LQJWKHJHRPHWU\PHFKDQLFDOFRQVWUDLQWVDQGSHHO
VSHHGLGHQWLFDOWRWKHH[SHULPHQWDOVHWXSDVGHVFULEHGLQ
SDUDJUDSK  EDVHG RQ WKH PDWHULDO DQG IUDFWXUH
SURSHUWLHV GHWHUPLQHG LQ WKH H[SHULPHQWV )LJ VKRZV
WKHH[SHULPHQWDODQGVLPXODWLRQUHVXOWVRIWKHIRUFHWLPH
GLDJUDP GXULQJ WKH KLJK VSHHG SHHOLQJ WHVW IRU DQ
DGKHVLYHERQGRI&38RQVLOYHUSDLQW
unfilteredmeasurement
filtered(lowpass3000Hz)
simulation

)LJ([SHULPHQWDODQGVLPXODWLRQUHVXOWVIRUDKLJKVSHHG73HHOWHVW
7KHVLPXODWLRQ UHVXOWVSURYHD ORZHUPD[LPXP ORDG
RI DURXQG 1 ZKHUHDV WKH H[SHULPHQWV VKRZ D
PD[LPXPORDGRIDURXQG1$GGLWLRQDOO\ WKHERQG
IDLOXUH LQ WKH H[SHULPHQWV RFFXUV DIWHU DERXW PV
ZKLOH LQ WKH VLPXODWLRQ IDLOXUH RI WKH ZKROH ERQG LV
UHDFKHG DIWHU PV 7KLV GLVFUHSDQF\ EHWZHHQ WKH
VLPXODWLRQDQGWKHH[SHULPHQWDOUHVXOWVLVH[SODLQHGGXH
WR WKHIDFW WKDW WKHPDWHULDOGDWDXVHGIRU WKHPRGHODUH
WDNHQIURPH[SHULPHQWVZLWK ORZVWUDLQUDWHV LHVSHHG
RI PPPLQ ZKLOH WKH 73HHO WHVWV ZHUH SHUIRUPHG
ZLWK D WHVW VSHHG RI PV 6XFK D KLJK GLIIHUHQFH LQ
WKHVWUDLQUDWHVFDQUHVXOWWRDVLJQLILFDQWYDULDWLRQRIWKH
VWUHVVVWUDLQ FXUYH$Q LQFUHDVH RI DURXQG WLPHV
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RI WKH VWUDLQ UDWH GXULQJ WHVWLQJ RI VWHHOV FDQ OHDG WR
DURXQGDGRXEOHPD[LPXPVWUHVVZLWKDUHGXFWLRQ
RIWKHGHIRUPDWLRQVDWIDLOXUH>@
,PSOHPHQWDWLRQLQDXWRPRWLYHDVVHPEO\OLQHV
)URPWKHSUHVHQWHGH[SHULPHQWDOLQYHVWLJDWLRQDQHHG
IRU LPSURYLQJDGKHVLYHERQGVRI&38RQVLOYHUSDLQW
RU PHWDOOLF SDLQWV LQ JHQHUDO LQ DXWRPRWLYH ILQDO
DVVHPEO\OLQHVLVUDLVHGGXHWRWKHVLJQLILFDQWGHFUHDVHRI
VWUHQJWK ,Q RUGHU WR RYHUFRPH WKLV GUDZEDFN WZR
SURFHVVHV DUH SRVVLEOH D PDVNLQJ SULRU WR WKH SDLQW
SURFHVVZLWKUHVSHFWLQJXQPDVNLQJDIWHUSDLQWLQJRI WKH
VXUIDFHVWREHERQGHGDQGEVHOHFWLYHODVHUDEODWLRQRI
WKHDUHDWREHERQGHGDIWHUWKHSDLQWSURFHVVDQGSULRUWR
WKHERQGLQJSURFHGXUH
7KHFDVHRIDEODWLRQLHSUHWUHDWPHQWRIWKHPHWDOOLF
SDLQW OD\HU LV SURSRVHG DV DQ DGGLWLRQDO SURFHVV LQ WKH
ILQDO DVVHPEO\ OLQH DIWHU SDLQWLQJ $IWHU VHOHFWLYH
DEODWLRQ RI WKH VXUIDFH WR EH ERQGHG LQ FDVH RI VLOYHU
PHWDOOLFDQGZKLWHQRQPHWDOOLFSDLQWXVLQJWZRGLIIHUHQW
ODVHUDJJUHJDWHVZLWKXOWUDYLROHW 89DQG LQIUDUHG,5
EHDPVZLWK GLIIHUHQW SURFHVV SDUDPHWHUV DQG D SODVPD
SURFHVVWKHVWUHQJWKRIWKHERQGLVWHVWHGIRUWKHFDVHRI
ODSVKHDUWHVWVDVSUHVHQWHGLQSDUDJUDSK7KHUHVXOWV
RI WKH PHFKDQLFDO WHVWV DUH LOOXVWUDWHG LQ )LJ $
VLJQLILFDQW LQFUHDVHRI WKHERQGVWUHQJWKDIWHU UHPRYLQJ
WKH VLOYHU PHWDOOLF SDLQW OD\HU LV REVHUYHG IRU WKH 89
ODVHU EHDP ZLWK FHUWDLQ ODVHU SDUDPHWHUV ODVHU SRZHU
DQG IHHG ,Q WKHFDVHRIZKLWHQRQPHWDOOLFSDLQW OD\HU
UHPRYDO QR VLJQLILFDQW LQFUHDVH RI WKH ERQG VWUHQJWK LV
REVHUYHG DV H[SHFWHG VLQFH WKHPD[LPXP UHDFKHG ODS
VKHDU VWUHQJWK GRHV QRW H[FHHG WKH 03D OLPLW DV
VKRZQLQWKHSUHYLRXVWHVWV
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LQGLVSHQVDEOHFRPSRQHQWVRIPRGHUQFDUPDQXIDFWXULQJ
6XFKPDWHULDOVVHUYHGWRLQFUHDVHFUDVKSHUIRUPDQFHDQG
ORQJWHUP VWUHQJWK IRU VWUXFWXUDO DQG VHPLVWUXFWXUDO
MRLQWV7KHFRQWLQXRXVGHYHORSPHQWRIERQGLQJV\VWHPV
DQGVXUIDFHWUHDWPHQWSURFHVVHVLQDXWRPRWLYHLQGXVWULHV
SUHVHQWHG LQ WKLVSDSHU FRQWULEXWHRQ WKHZD\ WRHQVXUH
WKHERQGRIDWWDFKPHQWVRQODFTXHUHGDXWRPRWLYHVKHOOV
ZLWKRSWLPL]HGVDIHW\DQGVWUHQJWKLQWKHQHDUIXWXUH
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